Fixed-frequency reflectometers utilizing quadrature phase detection are employed on DIII-D to study both coherent and turbulent density fluctuations. For coherent fluctuations, the reconstructed phase information successfully identifies MHD/coherent mode activity, e.g. tearing modes, compressional Alfvén eigenmodes, etc. For an m = 3/n = 2 tearing mode, a basic 1D phase screen model is applied to infer fluctuation levels, and the result is consistent with the beam emission spectroscopy (BES) measurement. For turbulent fluctuation studies, a 2D full-wave code (Valeo E.J., Kramer G.J. and Nazikian R. 2002 Plasma Phys. Control. Fusion 44 L1 ) is applied to interpret reflectometry data obtained in the H-mode edge pedestal region to deduce density fluctuation levels. The measurement is simulated using realistic geometry, plasma conditions and antenna patterns. Comparison of the fluctuation level deduced from the 2D code with BES measurement shows reasonable agreement.
Introduction
It has long been recognized that reflectometer density fluctuation measurements have numerous advantages, e.g. highly localized measurements, highly sensitive, flexible spatial coverage, non-perturbative, and they are now anticipated to play a much more enhanced role in the harsh burning plasma environment of next generation devices like ITER. However, although much progress has been made [1] , reflectometry measurements have not yet reached their full potential. In particular, extracting an absolute density fluctuation level from the measured microwave electric fields is still an area of active research.
The focus of this paper is to compare density fluctuation levels and spectra derived from recent measurements using a fixed-frequency quadrature reflectometer (65 GHz) with those from beam emission spectroscopy (BES) on the DIII-D tokamak.
For coherent fluctuations, the reconstructed phase information successfully identifies MHD/coherent mode 5 Author to whom any correspondence should be addressed.
activity, e.g. tearing modes, compressional Alfvén eigenmodes (CAE), etc. For an m = 3/n = 2 tearing mode, a basic 1D phase screen model is applied to infer fluctuation levels, and the result is consistent with BES measurements. For turbulent fluctuation studies, a 2D full-wave code [2] is applied to measurements in the H-mode edge pedestal region to deduce density fluctuation levels by simulating the reflectometry measurement using realistic geometry, plasma conditions and antenna patterns. Comparison of the fluctuation level deduced from the 2D code with BES measurement shows reasonable agreement. coupler. Isolators 1 and 2 prevent reflected power from returning to the source, and isolator 3 is there to prevent leakage of the local oscillator through the mixer from being launched into the plasma via the receive antenna. The received reflection from the plasma cutoff layer mixes with the local oscillator power from the source, and the quadrature mixer output provides the complex electric field E(t) = A(t)e iφ(t) , i.e. A(t) cos φ(t) and A(t) sin φ(t), where φ is the phase delay between the launched and received microwave. Due to irregularities in the plasma, the fluctuating signal E(t) is generated through a superposition of radiation received by the antenna from different directions and with different amplitude and phase. For coherent modes, a 1D phase screen model [1] is generally sufficient to extract the density fluctuation level from a phase measurement since these superposition effects are minimal. However, for broadband turbulent fluctuations, a 2D simulation may often be necessary due to the stronger two-dimensional scattering of the electric field of the probe beam at the cutoff layer.
The microwave and electronic components for each reflectometer are contained inside portable metallic boxes. In these initial tests the output waveguides are coupled to existing antennae normally used in the UCLA profile reflectometer systems [3] . Both quadrature systems have horns that can be orientated to launch and receive either O-or X-mode polarization in order to probe different spatial regions of the plasma. The launch and receive antennae are located external to the vacuum vessel on the low-field side, positioned in the same vertical position slightly (2.5 cm) above the midplane of DIII-D but toroidally separated (7.5 cm) and about 1.5 m away from the plasma boundary. The antennae are standard-gain pyramidal horn antennae together with integrated, collimating polyethylene lenses. The measured beam profiles in the E-plane are close to Gaussian distributions. Their radiation patterns are discussed in section 4.
To reconstruct the phase information from A(t) cos φ(t) and A(t) sin φ(t), the relative phase differences between two subsequent measurements are calculated and then accumulated. Assume two successive measurements (x i , y i ) and (x i+1 , y i+1 ), where x i and x i+1 are real parts (i.e. A(t) cos φ(t)) and y i and y i+1 are imaginary parts (i.e. A(t) sin φ(t)); their phase difference can be derived as similar to [4] . Note that this method can recover phase information if the phase variation between successive measurements is within ±π. High data sampling rates (normally 10 or 25 MHz) are employed to avoid phase jumps exceeding π between successive measurements.
BES [5] has also been used to measure plasma fluctuations in this experiment. It observes density fluctuations by measuring the emission from neutral beam deuterium atoms that undergo collisions with the plasma ions and electrons. The intensity of this emission is a function of the local plasma density and the neutral beam particle density. It measures fluctuations that lie within a wave number range k ⊥ ≈ 0-3 cm −1 and has a radial localization of ∼1 cm [6] . In this paper, BES measurements at a similar location will be compared with reflectometer measurement.
Coherent density fluctuation measurements
Coherent density fluctuations have been successfully measured using the derived phase information, including low frequency MHD activity (e.g. tearing modes and toroidicity-induced Alfvén eigenmodes in the frequency range of tens to a couple of hundred kilohertz) and high frequency modes (e.g. CAEs with frequencies of several megahertz). reflectometer using X-mode polarization with the reflection layer varying in time in the range of ρ ∼ 0.4-0.6, where ρ is the normalized minor radius. The figure shows that the system detected the mode activity at these locations. Some differences between the mode characters in figures 2(a) and (b) can be noted, e.g. different numbers of 'fingers' in the last burst after 960 ms. This could be related to the fact that they are different measurements ofḂ and density fluctuations, which will be investigated in the future and discussed elsewhere. The partial reason for this is that as an ELM occurs, the edge density profile is modified and the detection location moves radially inwards/outwards. In addition, edge turbulent fluctuations are significantly modified during an ELM, as seen by the spectrum ofḂ signal shown in figure 3(a) .
For the tearing mode shown in figure 3 , figure 4 (a) plots the RMS level of magnetic fluctuations integrated over the . Each data point in the curve represents a reflectometer measurement in a time window of 1.3 ms, within which no strong ELM activity (as shown in figure 3(c) ) is present. For each point, δφ in each time window was obtained by integrating the mode spectrum shown in figure 3(b) over 22-28 kHz and subtracting the turbulent density fluctuation background which is calculated by integrating the spectrum over adjacent frequencies, i.e. 28-34 kHz. L n was calculated using the averaged Thomson scattering density profile measurement during ELM-free time slices from 4000-4200 ms (it was measured with 12.5 ms resolution). It can be observed that the overall time evolution (the low frequency modulation) of δn/n measured via reflectometry is consistent with the evolution of the RMS level of magnetic fluctuations, i.e. both amplitudes dip at around 4110 and 4210 ms. Direct comparison with BES is also plotted in figure 4 (b). These BES measurements were obtained with the recently upgraded BES system [6] . BES data plotted in figure 4(b) were measured using two adjacent channels with locations of ρ ∼ 0.82 and 0.85, and the time history is a sliding average over a 10 ms time window with a 5 ms overlap for adjacent windows. It is clear that BES data show a similar amplitude modulation as a function of time. In addition, BES data indicate that the tearing mode amplitude has a strong radial dependence, i.e. it is much higher at ρ ∼ 0.85 than at 0.82. It is seen that there is reasonable agreement between the BES and reflectometer (from ρ ∼ 0.84 ± 0.02) density fluctuation levels derived from the simple phase screen model, although more sophisticated approaches can be adopted, e.g. [7] , 2D modelling, etc.
Turbulent density fluctuation measurements
One case of the broadband density fluctuation measurements is studied here in the H-mode edge pedestal region measured with the 65 GHz system with O-mode polarization. Figure 5(a) shows the density profile measured by Thomson scattering mapped to the outboard midplane using the EFIT equilibrium solver [9] . In an ELM-free time window of 4000-4002 ms, the measured raw data, the real versus imaginary part of the microwave electric field, is plotted in figure 5(b) . The figure shows a fairly well-defined annulus with a substantial width which is thought to be due to two-dimensional scattering effects discussed earlier. Figure 5(c) is the power spectrum of the phase extracted from the data plotted in figure 5(b) . Figure 5 (c) shows a broadband fluctuation in the phase as well as a coherent mode at ∼20-30 kHz which is illustrated in figure 3(b) . The spectrum decays with an index of −3.3 in the frequency range 85-800 kHz.
A 2D full-wave code [2] is utilized here to simulate the reflectometer measurement with realistic geometry, plasma conditions and antenna radiation patterns. Using the measured density and electron temperature profiles at 4000 ms by Thomson scattering and magnetic field equilibrium from EFIT, the distributions of the density, electron temperature and the magnetic field strength can be reconstructed in the 2D cross section of the measurement plane (see figure 1) . The code assumes a Gaussian antenna radiation pattern with the flexibility of tuning the beam waist locations. As shown in figure 6(a) , the incident beam in the simulation is chosen to match that measured in the 65 GHz system in the plasma region (the dashed line marks the location of the outer tile and the antenna is located at R = 3.872 m as marked in the figure) .
In the code the density fluctuation is simulated by a 2D density distribution (in x, y) with the following spectral properties:
where δn/n is the density fluctuation level, k m is the mean value of the fluctuation wave number, k its spread, and poloidal displacement. For a given choice of (δn/n, k m , k), several hundred runs are made to form a statistical ensemble by varying the relative phase of the spectral components randomly.
In the simulation, the output of the receiver antenna
, where E AI (z) and E AR (z) designate the complex electric field amplitudes of the receiver antenna and reflected wave at the antenna plane, respectively and z denotes the axis along the electric field direction. It represents an integration of the reflected electric field at the antenna plane coupled with the antenna radiation pattern, which can be compared with experimental measurements. Figure 6 and a stronger specular reflection is obtained. Therefore G increases to one when the density fluctuation level decreases to zero. Simplified analytical expressions of G can be obtained from reflectometer theories, e.g. a phase screen model [1] , and others (e.g. [7] ).
Plotted in figure 7 is G versus δn/n for different choices of (k m , k) with 300 runs for each point. In figure 7 k (assume k x = k y = k) was scanned at 0.5, 1.0 and 2.0 cm −1 , and k m (assume k x = 0, k y = k m ) was scanned at 0 and 1 cm −1 . The two curves of δn/n scanned at k = 1 cm −1 , k m = 0 and k = 1 cm −1 , k m = 1 show that G decreases as δn/n is increased, and their difference is quite uniform at each δn/n level. At a fixed δn/n = 1.0%, G values were calculated for several different (k m , k) choices. From these simulations it is concluded that G is rather insensitive to these variations. It has been previously observed on DIII-D [11, 12] that k is of the order of 1 cm −1 and k m < 1 cm −1 . So the uncertainty of G at a given δn/n is basically given by this scan.
By comparing G values calculated from the experiment with those obtained from the code output described above, the density fluctuation level can be deduced. The lower dashed line in figure 7 with G = 0.6 is computed using the experimental data shown in figures 5(b) and (c) but with the coherent mode in the frequency range 20-30 kHz filtered. Considering the abovementioned uncertainty of the G value, we get δn/n ∼ (0.8 ± 0.2)% for this measurement at ρ ∼ 0.84.
For this particular plasma discharge, BES obtained δn/n ∼ 0.33% integrated in the frequency range 60-200 kHz averaged over 4000-5000 ms at ρ ∼ 0.85. Since we obtained quite similar frequency spectra for the reflectometer measured electric field and from BES, as demonstrated in figure 8 , we removed frequency components in the reflectometry data other than 60-200 kHz (also −200 to −60 kHz) and the specular reflection (−2 to 2 kHz), and G = 0.81 is obtained as plotted in the upper dashed line in figure 7 , which indicates δn/n ∼ (0.5 ± 0.2)%. This result is in reasonable agreement with BES measurement, given the fact that these two diagnostics differ in several ways in this particular measurement, e.g. differences in measurement location, different averaging time windows, potentially wider range of k ⊥ sensitivity for reflectometer [13] than BES, etc.
Summary and conclusion
In summary, fixed-frequency reflectometers utilizing quadrature phase detection have been employed on DIII-D to study both coherent and turbulent density fluctuations. For coherent fluctuations, the reconstructed phase information successfully identifies MHD/coherent mode activity, e.g. tearing modes, CAEs, etc. For an m = 3/n = 2 tearing mode, a basic 1D phase screen model is applied to infer fluctuation levels, and the result is consistent with BES measurement. For turbulent fluctuation studies, a 2D full-wave code [2] is utilized to interpret the reflectometry measurement in the H-mode edge pedestal region to deduce density fluctuation levels by simulating the measurement with realistic geometry, plasma conditions and antenna patterns. Comparison of the deduced fluctuation level from the code with BES measurement shows reasonable agreement.
